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In order to reveal the main impact factors for the concentration of Faecal Indicator Organisms 
(FIOs) for one of the UK’s most popular beaches, namely Blackpool bathing beach, the EFDC 
model code has been modified and used to calculate the sediment and faecal coliform fluxes in 
Liverpool Bay, and the related bays and rivers, especially including the Ribble and Wyre 
estuaries and rivers. These rivers and estuaries are thought to be the main FIO sources for 
possible non-compliance of the famous bathing beach. In the paper, the main model 
modifications and related verifications for the sediment and faecal concentrations are presented. 
The model’s predicted results show that: (1) the model results generally agree well with 
measured data, including sediment and faecal coliform concentrations in the estuary regions, (2) 
local inputs near the Blackpool beach may cause the high FIO concentrations on the beaches, (3) 
the FIO fluxes from the Wyre and Ribble river basins create adverse impacts especially for 
unfavorable weather conditions. In the long term, controlling the faecal coliform sources in the 
Ribble and Wyre river basins is key to guaranteeing that the FIO levels are compliant with the 
required standards in the future. 
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1. INTRODUCTION  
The presence of faecal coliform in aquatic environments, especially along bathing beach and in 
shellfish waters pose a threat to human health due to the potential for relatively high 
environmental exposure. The fate of the bacteria is governed by its biotic and abiotic factors, 
with some environmental factors such as sunshine, temperature, sediment concentration and 
related unsteady transportation also being important to the fate and transport of faecal coliform 
bacteria (Auer and Niehaus 1993, Canale et al. 1993). The interaction between the sediments 
and faecal bacteria may include: (i) dynamic absorbing and desorbing processes for faecal 
bacteria, varying with different dynamic conditions; (ii) non-equilibrium transport and the 
corresponding influence on the fecal bacteria fate in the natural river-estuary system; and (iii) 
sediment-laden water being influenced by less sunshine penetration and a decrease in the death 
rate of faecal bacteria. Furthermore, faecal coliform bacteria can survive longer in sediments 
because the sediment provides a favorable, non-starvation environment for the bacteria (Davies 
et al. 1995). Many field measurement and numerical model results reveal that higher 
concentrations of faecal bacteria will arrive at a site before the peak discharge (Bedri et al. 2014, 
Wilkinson et al. 1995), and high concentration may be caused by the large faecal storage in the 
channel bed sediments and catchment top soil layer, while the source region distribution of the 
faecal bacteria may mainly distributed in the lower and middle reaches of rivers because of the 
larger density in the population and livestock. Nagels (Nagels et al. 2002) compared the E. coli 
concentrations during a natural flood and an artificial flood. It was found that around 30% of 
the bacteria were re-suspended from the bed sediments during the flood. Similar results 
(Muirhead et al. 2004) showed under the effect of artificial floods, that the E. coli concentration 
in the water column was two orders of magnitude greater during a flood, with the concentration 
increasing from a background level of 10
2
 cfu per 100ml to over 10
4
 cfu per 100 ml. The size of 




 of the streambed. In recent years 
numerical model studies have been carried out in this field, e.g. Steets and Holden (Steets and 
Holden 2003), where a faecal coliform fate and transport model has been developed for a 
coastal lagoon, with a constant attachment ratio of 90% being assumed throughout the modeling 
period. However, the sediment adsorption processes were not simulated. In recent decades there 
has been rapid development in the sophistication of numerical models for FIO process in river 
networks (Wilkinson et al. 1995, Yang et al. 2002) and in estuaries (Bai and Lung 2005, 
Connolly et al. 1999, Gao et al. 2011, 2013). Furthermore, some related studies have been 
undertaken for both rivers and coastal waters (de Brauwere et al. 2011, de Brauwere et al. 2014, 
Kashefipour et al. 2002, Kashefipour et al. 2006). However, some of these models have not 
been checked for natural estuary and riverine cases and few sediment-faecal coupling models 
have been applied to natural riverine and estuarine with complex topographic, sediment, 
hydrodynamics and tidal conditions. In this paper the EFDC code has been modified to consider 
effect of sediments on the bacteria, in which the fine sediment and faecal coliform have been 
dynamically coupled, and then used to model and analyze possible reasons as to the cause of the 
higher FIO concentrations along the Fylde Coast and including the bathing beaches at 
Blackpool. 
 
2. MODIFIED EFDC MODEL THEROY 
The governing equations and related algorithms for ambient environmental flows and related 
solute transport are given in the EFDC help documents (Hamrick 1992). The main aspects of 
the code modification are listed as follows:  
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where C = concentration of a water quality state variable,    Newc B I SalK K K K the 
effective total decay rate (per day), 
B
K = the base mortality rate in fresh water at 200C under 
dark conditions without any settling loss; 
Sal
K = the mortality rate due to salinity, where the 
dynamic calculated result is used, W  = an empirical coefficient for water temperature effects, 














where I  = the coefficient of irradiation, which is dependent on the type of bacteria,  0I t  = 
the intensity of solar irradiation; 
e
K  = the extinction coefficient of light; and D  and 
W
D  = 
average distribution coefficients in sediment laden and distilled water, respectively. 
W
D D  is 
light intensity attenuation modification due to the suspended sediment concentration. Following 
Mill’s formula (Miller and Zepp 1979), faecal bacteria exist in both the free-living and attached 
forms in surface waters. Chapra (Chapra 1997) expressed the tendency of bacteria to attach to 
particles by using a partition coefficient of the form: /D dK P C where DK  = the partition 
coefficient; P = the bacteria concentration attached to the sediments; and dC  = the free-living 
bacteria concentration. Under local equilibrium conditions, the total bacteria concentration 
equates to the free-living bacteria concentration plus the attached bacteria concentration, giving: 
   
d D d
C C K S C  
where C = the total bacteria concentration; and S = the suspended sediment concentration, 
which can be solved to give: d dC f C ,  1/ 1 d Df K S  and df  = the fraction of bacteria 
in its free-living form in the water column. For the attached bacteria, this can be established 
from the following formulations: 
 p pC f C ,  / 1 p D Df K S K S , 1 p df f . 
Following the form of the bacteria transport model as given by Gao et al. (2011), which 
includes the processes of: bacteria advection, mixing, dynamic growth/mortality, sedimentation 
and re-suspension, the source term of the three-dimensional faecal transport equation can be 
expressed as: 
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where C  total faecal bacteria concentration; 
d
oC   source or sink term for free-living 
bacteria; 
p
oC   source or sink term for bacteria in its attached form; k   decay rate for 
bacteria in the water column; 
p
bC = a source term defining the attached bacteria from, or to, the 
bed sediments and which can be calculated using the following equation: 
max( ,0) min( ,0)pb ero b depC q P q P    
where depq   sediment deposition flux (
2kg m s/ / for the two-dimensional model and ㎏
/m/s for the one dimensional model); P  attached faecal bacteria concentration on the 
suspended sediments ( 01cfu g/ . ); bP   bacteria concentration on the bed sediments 
( 01cfu g/ . ); and eroq   sediment re-suspension flux rate (
2kg m s/ /  ). By solving the 
total bacteria transport equation, then the total bacterial concentration level C  can be 
determined and then the free-living and attached bacteria levels can be calculated respectively. 
The method above omits the calculation of faecal bacteria variation due to the non-equilibrium 
transport of bed load.  
3. CASE STUDY 
3.1 Description of the study area and setup of the model 
Because the famous national bathing beaches around Blackpool are located in the region 
between the Ribble and Wyre estuaries and the bathing water quality may be impacted by the 
estuarine inflows, and sediment transport and faecal flux processes from the rivers Ribble, 
Wyre and Lune, the modeling region was extended to include all of rivers, with a total area of 
4481 km
2
. The orthogonal coordinate systems with 40,318 effective grid nodes were used in the 
horizontal direction, fitting the irregular boundaries and bathymetry of the rivers and estuaries 
as close as possible(Fig. 1a). Multiple bathymetric data were used and interpolated for inclusion 
in the model and the related results are given in Fig. 2. Details of the topographic data sources 
and land-use distribution are given in the reference (Guoxian Huang et al. 2014). The sediment 
grading data measured by Kenneth Pye Associates Ltd (Pye et al. 2010), including 1566 
sampling points along the beaches and in Liverpool Bay, were used and interpolated to the 
model grid with four sub-groups, including 2 groups of cohesive sediments (10 and 40 um), and 
with another 2 groups of related non-cohesive sediments (80 and 180 um). The boundary 
conditions at the open seaward boundary included the tide levels obtained using a harmonic 
analysis from the MIKE21 software. A constant salinity of 35ppt, a temperature of 18.0
o
C, a 
suspended sediment concentration of 5mg/l and a faecal coliform concentration of 10 cfu/100ml 
were also all assumed at the outer boundary. The corresponding values for the Ribble, Darwen 
and Douglas river boundaries, including: discharge, sediment concentration and faecal coliform 




 June, 1999. Because of limited data, 
the general relationship between the discharge, suspended concentration and faecal 
concentration was deduced firstly based on data for the Ribble, Dalwen and Douglas 
catchments, and then extended to the other catchments based on the measured discharges, 
considering the spatial and land-use similarities. The time step was set to 0.2s and with the 
variable data sources being interpolated at every time step in the model simulations. 
 
a) Orthogonal grid setup  
 
b) Bathmetry used in the model  
Fig. 1 The grid and bathymetric data for the model domain 
 
3.2 Model Verification at the controlled stations 
The measured hydrodynamic, sediment concentration, and faecal coliform concentration 
data from June 2nd to 5th, 1999 were used to validate and verify the model, with only 
verification of the sediment and faecal coliform concentrations being given in the paper since 
the hydrodynamic verification is given in the reference (Guoxian Huang et al. 2014). Compared 
with measured suspended concentration at Milepost (MP) 3, and MP 11 (Fig. 1a), the calculated 
values generally agreed well with the measured data at the lower part of estuary (11MP) sites, 
while the model predictions overestimated the measured values at B 3MP, which is mainly 
driven by the discharge processes from upstream. The positive error at 3MP may be mainly 
caused by the relative coarse sediment input from upper reaches of the rivers Ribble and 
Darwen with more coarse particles components in the channel bed from 7Mp to Bullnose than 
in the estuary region. The sediment particles from the upper boundary were predicted to be 
deposited in the middle reach of the Ribble main channel, i.e. from Bullnose and 3MP, because 
of the small channel longitudinal slope, the wide wetlands and the lower flow velocity arising 
from the action of the tide. While in the Ribble estuary region, the high sediment concentration 
was mainly caused by the re-suspension of the fine cohesive sediment particles and the related 
transportation caused by the current flow and the tide. The model can predict the concentration 
variation in the estuary region. However, the model parameters were not good enough to 
consider the spatial distribution of sediment grading in the riverine reach, because of the 
quantitative sampling data shortage at these regions. The model needs further refinement in the 
future based on the comprehensive measured topographic and sediment data in the region 















































Fig. 2 Suspended sediment verification at 2 measuring sites 
 
The verification of faecal coliform concentrations is given in Fig. 3, with the predicted 
faecal coliform concentrations generally agreeing well with the measure data. However, the full 
2D results show larger errors than the previous predictions obtained using the linked DIVAST-
2D and FASTER-1D models(Kashefipour et al. (2002). Based on preliminary testing, the large 
errors may be caused by the following: (i) the quality of the topography source data and the 
related interpolations using 1D cross-sections due to a shortage of measured data, (ii) the 
accumulated effects of the tidal levels and velocity calculation errors in the riverine and estuary 
reaches caused by the full 2D calculations, (iii) the distance between the point sources outlet 
and the receiving main channels, being usually linked by the deep and narrow river channels in 
the wetland and saltmarsh. In the 1D model the conservation error was smaller due to the direct 
linkage with cross section, however, in the 2D model, the error may be larger, especially for the 
larger grid scales. In addition, the high unsteady variations in the FC concentrations in the small 
temporal scales do not be fully reflected in both models, which may be caused by the episodic 
and intense point source outputs from small CSOs, WwTWs, storage tanks and small lateral 
rivers, without treatment under storm conditions. Furthermore the process phenomena, related 

























































































































Fig. 3 Faecal coliform verification at 4 measuring sites 
 
3.3 Spatial variation and difference between the sediment and faecal coliform fields 
Model results (Fig. 4a,b) show high suspended sediment concentration (SSC), mainly caused by 
the re-suspension processes when the spring tidal current passes through the wide shallow sand 
beach region of Morecambe Bay. The front of the high SSC, with finer sediments and low 
concentrations may arrive at Blackpool, together with sediments from the Wyre river under 
normal weather conditions. The high concentration regions, occurring between cohesive 
sediments and faecal coliforms, are quite different, the sediment concentration is mainly driven 
over shallow beds with fine and loose sediment particles by the tide process, while the faecal 
coliform fluxes are mainly driven from the river catchments and local discharges of sewage 
near the sandy beaches (Fig. 4c,d). In the short term it is necessary to close or control the two 
main sewage outputs near to Blackpool beach. However, in the longer term, because some FIOs 
deposited previously in the regions of Morecambe Bay, and the Wyre and Lune deltas, may be 
driven by suspension and transport due to the tidal currents and may arrive, or be close to, the 
key beaches in the region, assuming that the FIO concentration levels from rivers are high, the 
faecal counts density around the sediment particles in the river delta may be high. This may 
bring some secondary pollution to the bathing waters, so integrated management and water 
treatment is also important in order to decrease the FIO concentrations near Blackpool over the 
longer term.  
  
  
Fig. 4 Model results for suspended sediments and faecal coliform concentrations for spring and 
neap tides 
4. CONCLUSION 
In this paper, the EFDC model code was used to calculate the sediment and faecal coliform 
fluxes in Liverpool Bay and for the related rivers in the region, with dynamic coupling between 
the sediments and faecal coliforms being considered and refined in the model. Model 
verification shows that the calculated results are generally in good agreement with the measured 
suspended sediment and faecal concentration data in the Ribble river and estuary. However, in 
the river-estuary transition zone and the river channel region large errors of the predicted 
sediment concentration existed due to the different physical mechanisms and the highly non-
uniform parameters in the water bodies. The model needed to be refined to include the main 
processes and the related parameters should be supplement in the next steps. The model tests 
reveal the model local sewage output was one of the main sources of high faecal coliform 
concentrations near the Blackpool bathing beach under normal weather conditions and without 
a large wind. In addition, the transport of free living coliforms and the re-suspension of 
coliform through adsorption onto the sediment particles at the South and North frontiers of the 
Ribble and Wyre deltas respectively may bring secondary coliform pollution to the main 
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